T lymphocytes rely on several metabolic processes to produce the high amounts of energy and metabolites needed to drive clonal expansion and the development of effector functions. However, many of these pathways result in the production of reactive oxygen species (ROS), which have canonically been thought of as cytotoxic agents due to their ability to damage DNA and other subcellular structures. Interestingly, ROS has recently emerged as a critical second messenger for T cell receptor signaling and T cell activation, but the sensitivity of different T cell subsets to ROS varies. Therefore, the tight regulation of ROS production by cellular antioxidant pathways is critical to maintaining proper signal transduction without compromising the integrity of the cell. This review intends to detail the common metabolic sources of intracellular ROS and the mechanisms by which ROS contributes to the development of T cell-mediated immunity. The regulation of ROS levels by the glutathione pathway and the Nrf2-Keap1-Cul3 trimeric complex will be discussed. Finally, T cell-mediated autoimmune diseases exacerbated by defects in ROS regulation will be further examined in order to identify potential therapeutic interventions for these disorders.
INTRODUCTION
Reactive oxygen species (ROS) are a class of highly unstable, oxygen-containing molecules including superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (1) . These molecules have the ability to scavenge electrons from fully reduced compounds in order to increase their own stability. Under normal conditions, endogenous ROS levels are tightly controlled by various antioxidant systems within the cell. However, as these reactive species collect electrons from various sources, they form even more free radicals, resulting in oxidative stress (1) . During oxidative stress, ROS can damage DNA, proteins, and lipid-based membranes within the cell. The mutations caused by high levels of cellular ROS have been linked to the development of various cancers and disease states (1) .
Despite the danger posed by high levels of these compounds, several studies have implicated moderate levels of ROS as critical mediators of intracellular signaling pathways in various cell types (2) (3) (4) (5) . Because ROS levels are known to increase after T cell activation, a large
OXPHOS as a major source of cellular ROS
After T cell activation, signaling through the TCR stimulates the efflux of calcium ions from the endoplasmic reticulum (6). This calcium then enters the mitochondria, the major site of OXPHOS, and acts upon several enzymes involved in the TCA cycle, increasing their function and leading to the increased production of the redox coenzymes NADH and reduced flavin adenine dinucleotide (FADH 2 ). These coenzymes are the main drivers of the electron transport chain. During this process, NADH transfers electrons to complex I and FADH 2 transfers electrons to complex II, both of which are located within the mitochondrial membrane (7). From complex I, the electrons are shuttled to complex III and complex IV via ubiquinone and cytochrome C, respectively. As electrons pass through each complex, protons are pumped across the mitochondrial membrane and into the intermembrane space, creating a proton gradient that provides the energy to drive ATP synthase (7). The electrons are finally transferred to O 2 , creating H 2 O as a byproduct of the reaction.
Despite the high efficiency of this process, evidence has shown that electrons can leak through the complexes involved in the electron transport chain to partially reduce O 2 , resulting in the production of superoxide radicals. Superoxide can then be converted to H 2 O 2 by the superoxide dismutases, SOD1 and SOD2. The majority of this ROS production is believed to occur at complex III, as various inhibitors of complex III have been shown to reduce superoxide production (8,9). Additionally, work done by various groups has highlighted the semiquinone anion as the source of ROS at complex III, as this intermediate is formed when ubiquinone is reduced during the transfer of electrons to complex III (9,10). Because the formation of semiquinone does not depend on an enzyme, this mechanism is capable of producing more superoxide radicals in cells with faster metabolic rates, such as proliferating T cells (11) .
Conversely, complex I plays only a minor role in the production of mitochondrial derived ROS, producing about 50% less ROS than complex III (12) . Despite this, complex I has still been shown to contribute to cellular ROS levels, as the introduction of excess NADH to submitochondrial particles has been shown to lead to increased superoxide production by complex I (13, 14) . Although research has implicated the N 2 iron-sulfur cluster as the source of superoxide production at this site, the exact identity of the ROS-generating agent within complex I remains unknown (14) .
TCA cycle enzymes as drivers for ROS production
Although ROS generation via OXPHOS has been well studied over time, recent work has revealed that the TCA cycle also contributes to cellular ROS levels. The TCA cycle functions mainly to convert the metabolic intermediate acetyl-CoA into various electron carrying cofactors and some ATP. This process requires the action of several enzymes and intermediate proteins. One such enzyme is pyruvate dehydrogenase (PDH), which is responsible for converting pyruvate to acetyl-CoA. During this process, PDH has been shown to produce high levels of H 2 O 2 in human, murine, and rat skeletal muscle cells when nutrients are readily available for cellular consumption (15) . Additionally, PDH and α-ketoglutarate dehydrogenase, another TCA cycle enzyme, have been shown to generate both superoxide and H 2 O 2 in murine neural mitochondria (16) . These findings contradict the idea that the electron transport chain is the sole producer of mitochondrial ROS (mROS), but future studies are needed to further characterize additional TCA enzymes that may be involved in mROS production. Additionally, whether the mROS generated by these TCA enzymes play a role in T cell-mediated immunity remains to be tested.
IMPORTANCE OF ROS IN T CELL-MEDIATED IMMUNITY
Although naïve T cells rely mainly on OXPHOS to sustain homeostatic levels of ATP and other metabolites necessary for their maintenance, T cells undergo a metabolic switch from predominantly OXPHOS to aerobic glycolysis following activation (17) . Because of this, glycolysis has long been thought to be the main metabolic pathway necessary for complete T cell activation. However, several recent studies have shown that ROS derived from OXPHOS plays an essential role in TCR signaling post-activation (18, 19) . ROS have also been shown to be extremely important in mediating multiple facets of T lymphocyte-mediated immunity downstream of TCR signaling including T cell proliferation, effector function, and death.
Role of ROS in mediating T cell proliferation
When a naïve T cell binds its cognate antigen, the TCR becomes crosslinked, resulting in the activation of a variety of signaling cascades and transcription factors that stimulate rapid T cell proliferation in response to infection. A major class of signaling proteins important for this process is the mitogen-activated protein kinase (MAPK) family. The MAPK pathway is known to be activated early after the TCR binds antigen, leading to the activation of several cellular transcription factors important for promoting T cell growth and survival (20) . Several studies have shown that ROS signaling may be one mechanism by which the MAPK pathway is controlled in activated T cells. Research has revealed that both superoxide and H 2 O 2 are produced as early as 2-4 minutes after TCR crosslinking, and that the rapid generation of H 2 O 2 is MAPK signaling dependent (21) . Additionally, the activation of MAPK ERK1/2 has been shown to rely upon H 2 O 2 generated via TCR signaling (22, 23) .
In addition to its role in stimulating the MAPK pathway, ROS has also been implicated in other aspects of TCR signaling and subsequent proliferation. As previously mentioned, TCR stimulation results in the influx of calcium from the extracellular environment as well as the release of calcium from intracellular calcium stores. This released calcium acts upon calcineurin in the cytoplasm which, in turn, activates NFAT. Activated NFAT enters the nucleus and induces the transcription of genes necessary for IL-2 production. IL-2 is essential for CD4 and CD8 T cell proliferation and cytokine production. Interestingly, calcium signaling-induced ROS generation has also been shown to play a role in IL-2 production in activated T cells. A recent study has shown that defects in mitochondrial complex III lead to decreased IL-2 production, as ROS targets the calcium-dependent calcineurin-NFAT signaling pathway to modulate levels of active NFAT in the nucleus (19) .
The metabolic switch to aerobic glycolysis has also been implicated in ROS-mediated IL-2 production in T cells, as TCR signaling controls the upregulation of the glycolytic enzyme ADP-dependent glucokinase (ADPGK) (18) . ADPGK mediates the production of ROS at complex I by stimulating the reduction of ubiquinone by GDP2, a mitochondrial resident enzyme important in shuttling NADH produced during glycolysis into the mitochondria (18) . This complex I-derived ROS then stimulates NF-κB, another transcription factor responsible for the production of IL-2 (18) . ROS control of NF-κB target gene transcription has also been attributed to the action of SOD2, which converts superoxide to H 2 O 2 (24) . This H 2 O 2 can travel across the mitochondrial membrane into the cytoplasm, where it acts on NF-κB and stimulates the production of IL-2 and other pro-proliferative genes. Taken together, these results indicate that ROS can serve as important second messengers within T cells to modulate cell proliferation and clonal expansion in response to an invading pathogen or a tumor. However, further research is necessary to determine the exact targets and functions of ROS within the TCR signaling cascade.
Although moderate levels of ROS are necessary to promote T cell signaling, high levels of ROS can be detrimental to T cell survival. Therefore, regulation of ROS levels via cellular antioxidant mechanisms such as the glutathione (GSH) pathway and the Nrf2-Keap1-Cul3 trimeric complex are critical for ensuring proper T cell activation and proliferation. The roles of these antioxidant systems in T cell biology will be discussed in greater detail later in this review.
ROS controls the differentiation and function of various T cell subsets
In addition to promoting naïve T cell proliferation, ROS are also known to be extremely important in modulating the differentiation and effector functions of various T cell subsets. For example, high environmental levels of ROS have been shown to be beneficial to the development of T helper (Th) 2 cells, increasing IL-4 production and generating a long-lived Th2-skewed immune phenotype (25) . Furthermore, recent work has shown that high cellular ROS increases both IL-4 and IL-2 production in T cells, promoting the longevity of Th2-mediated immune responses (26) .
In contrast, reduced levels of ROS have been shown to promote both Th1 and Th17 cell differentiation. Several studies have shown that the use of antioxidants to inhibit both exogenous and endogenous sources of ROS increase interferon (IFN)-γ production in cultured T cells, skewing the immune response to a more Th1 phenotype (23, 25) . Similarly, treatment with antioxidants has been shown to induce Th17 cell differentiation and lead to the progression of experimental autoimmune encephalomyelitis, the experimental model for multiple sclerosis (MS) (27) . Recent research has also shown that treatment with prooxidants can prevent the production of IL-17 and IFN-γ from pathogenic Th17 and Th1 cells, respectively (28) . As such, targeting the redox state of T lymphocytes may be a novel therapeutic strategy for treating T cell-driven autoimmune diseases.
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https://immunenetwork.org ROS have also been shown to be important in controlling the differentiation and function of innate-like T lymphocytes such as invariant natural killer T (iNKT) cells. iNKT cells contain a semi-invariant TCR that recognizes lipid antigens presented by CD1d, and these cells are capable of rapidly producing cytokines upon activation. Research has shown that high ROS levels generated by NADPH oxidases is critical for the inflammatory function of peripheral iNKT cells, skewing the iNKT cell response toward NKT1 and NKT17 (29) . However, treatment with antioxidants causes these cells to produce IL-4 and shift toward an antiinflammatory NKT2 phenotype (29) . Although it is clear that high ROS is important for the differentiation of iNKT cell subsets, why these cells produce such high homeostatic levels of ROS and how they maintain cellular redox balance remains unknown.
ROS signaling mediates T cell apoptosis following activation
Although moderate levels of ROS can support T cell proliferation and differentiation, uncontrolled proliferation of T cells can lead to autoimmunity. Several mechanisms exist to prevent the over-activation of T cells, but studies have shown that the extrinsic apoptosis pathway is critical for the clearance of excess effector T cells during the resolution of an immune response (30) . During the extrinsic apoptosis pathway, the binding of the cell death receptor Fas to its ligand (FasL) results in the induction of programmed cell death (31) . Recent work has shown that endogenous superoxide can upregulate the production of FasL in T cells, demonstrating that ROS plays a key role in mediating immune resolution (22) . However, further research into the mechanism by which ROS regulates the extrinsic apoptosis pathway is necessary to better understand how ROS controls T cell clearance after infection.
REGULATION OF ROS THROUGH CELLULAR ANTIOXIDANT MECHANISMS
Despite having positive effects on T cell activation and function, prolonged ROS signaling can lead to T cell hyporesponsiveness (32) . Thus, maintaining the balance of ROS and antioxidant proteins within the cell is critical for preserving the integrity of T cell-mediated immunity. T lymphocytes utilize several antioxidant systems in order to maintain their intracellular redox balance. The major antioxidant pathways present within T cells will be discussed here in further detail.
GSH
The GSH pathway is known to be the major antioxidant mechanism utilized by T cells (32) . GSH is a tripeptide consisting of glutamine, glycine, and cysteine. GSH gains its antioxidant activity from the thiol group within cysteine, as thiol groups are potent reducing agents that can freely scavenge electrons from ROS molecules (33) . After cytosolic GSH encounters and reduces some type of intracellular ROS, GSH is converted into its oxidized form glutathione disulfide (GSSG), which can be converted back to active GSH by GSH reductase (33) . The intracellular GSH:GSSG ratio can also be used to measure oxidative stress, as GSH is present at higher levels than GSSG under normal conditions. As such, stressed cells will contain more GSSG than GSH, since more GSH is required to quench the rising amounts of ROS.
Intracellular GSH levels have also been shown to be extremely important in mediating T cell proliferation after activation. Several studies have shown that the pharmacological or genetic knockdown of GSH prevents T cell proliferation after stimulation with antigen (34) (35) (36) . This inhibition of T cell proliferation can be abrogated by treatment with various antioxidants or with exogenous GSH itself, highlighting the direct role of GSH in mediating activation-induced proliferation (34, 37) . Research has also shown that GSH exerts its effects on proliferation through modulation of the IL-2 pathway, a cytokine that is required for prolonged T cell survival and growth. Disruptions in the GSH pathway have been shown to reduce IL-2 production by T cells, and the subsequent defect in proliferation can be reversed via treatment with exogenous IL-2 (32, 34, 38) . Therefore, maintaining proper GSH levels is critical for regulating clonal expansion.
The ability of GSH to influence IL-2 production highlights the role of GSH in controlling T cell survival. In fact, GSH has been implicated in conferring apoptotic resistance to T cells. Research has shown that high levels of cytosolic GSH protect against induction of apoptosis in T cells (39) . Additionally, several studies have demonstrated that apoptotic cells actively pump GSH out of the cell, a process that is essential to ensuring the successful completion of the apoptosis process (40, 41) . If GSH efflux is blocked at any point, apoptosis can be successfully reversed (41) . These studies implicate GSH levels as essential mediators of cell death processes in T cells.
In addition to mediating T cell growth and survival, GSH has also been shown to influence T cell metabolism and effector function. Research has shown that cells with defects in the GSH pathway fail to undergo metabolic reprogramming necessary for rapid proliferation following activation (36) . T cells deficient in GSH also show improper activation of the nutrient sensor mTOR and defects in both NFAT and Myc signaling (36) . These abnormal changes in T cell metabolism severely impact the downstream effector function of these cells. Several studies have shown that defects in the GSH pathway lead to a decreased ability to produce inflammatory cytokines such as IFN-γ, tumor necrosis factor (TNF)-α, and IL-17 (32, 36) . Consequently, GSH-deficient T cells fail to mount proper inflammatory immune responses against infection (36) . Taken together, the GSH antioxidant pathway is essential for ensuring proper T cell proliferation, survival, and effector function.
Nrf2-Keap1-Cul3 trimeric complex
The Nrf2-Keap1-Cul3 trimeric complex is another major contributor to the maintenance of cellular redox states in mammalian cells. The transcription factor Nrf2 lends this complex its antioxidant function, as Nrf2 has been shown to be a major activator of antioxidant response element (ARE)-containing genes both in vitro and in vivo (42) (43) (44) . Following oxidative stress, Nrf2 translocates from the cytoplasm into the nucleus, where it forms a heterodimer with nuclear Maf proteins (45) . The Nrf2 heterodimers then bind to the ARE, leading to the recruitment of other factors responsible for the activation of antioxidant response genes (46) . Because some level of ROS is necessary for cellular activation and function, the Nrf2-regulated antioxidant genes cannot be constitutively active. Therefore, nuclear translocation of Nrf2 is tightly regulated by Keap1, which has been shown to bind to the amino terminus of Nrf2 (47) . Keap1 is also structurally homologous to the Drosophila protein Kelch, which functions as an actin-binding protein in Drosophila cells (47) . As such, the longstanding belief was that Keap1 prevented Nrf2 translocation to the nucleus by sequestering it in the cytoplasm, thereby preventing the antioxidant genes from being expressed.
Nevertheless, continued research has since disproven this theory by revealing that Keap1 instead acts as an adaptor protein for the binding of the E3 ubiquitin ligase Cullin 3 (Cul3) to cytosolic Nrf2 (45). Cul3 has also been shown to catalyze the ubiquitination of Nrf2, subsequently targeting Nrf2 for degradation by the proteasome (48, 49) . In this way, Keap1 and Cul3 act in concert to mediate the degradation of Nrf2 in the cytoplasm when homeostatic levels of ROS are present. During times of oxidative stress, the structure of Keap1 is modified in such a way that it can no longer bind Nrf2, allowing Nrf2 to enter the nucleus and activate the antioxidant response (46) .
Although this pathway has been well characterized in various cell types, regulation of antioxidant genes by the Nrf2-Keap1-Cul3 trimeric complex has only recently begun to be explored in T cells. Several studies have revealed a role for Nrf2 in maintaining various aspects of T cell-mediated immunity. For one, Nrf2 has been shown to be important in T cell activation. Research has shown that induction of Nrf2 in both Jurkat cells and human primary CD4 T cells leads to decreased expression of the early activation markers CD25 and CD69 as well as decreased production of IL-2 (50,51). Increased expression of Nrf2 also decreased the DNA binding-capability of NF-κB, a transcription factor important in T cell activation (50, 51) . A recent study has also reported that Keap1 deficiency and subsequent systemic activation of Nrf2 in scurfy mice leads to decreased effector T cell activation as measured by CD25, CD44, and CD69 expression (52) . Systemic Nrf2 activation and T cell specific Nrf2 activation also led to decreased IFN-γ production by effector Th1 and CD8 T cells in the scurfy model (52) . In all, these data show that increased Nrf2 expression limits T cell activation. Thus, modulation of Nrf2 in a clinical setting may lead to novel therapeutic strategies for patients having T cellmediated inflammatory diseases.
Beyond its ability to impact T cell activation, studies have also revealed that Nrf2 mediates Th cell differentiation. Induction of Nrf2 by in vitro treatment with Nrf2 activators has been shown to lead to decreased IFN-γ production and increased IL-4, IL-5, and IL-13 production (50, 53) . Additionally, Nrf2 activation promotes the ability of GATA-3 to bind DNA while simultaneously suppressing T-bet from binding DNA (53) . Nrf2 has also been shown to play some role in the development of Th17 cells. A recent study revealed that deficiency in Nrf2 increased Th17 differentiation both in vitro and in a murine model of lupus nephritis, promoting the early onset of disease (54) . Contrastingly, T cell-specific overexpression of Nrf2 has been shown to lead to increased T regulatory cell development (55) . Taken together, these findings indicate that Nrf2 prevents the differentiation of inflammatory Th cell subsets and skews the immune response towards more anti-inflammatory phenotypes.
Although progress has been made in elucidating the role of Nrf2 in T cells, further work is necessary to determine the effects of Nrf2 activation on other aspects of T cell biology such as proliferation and maintenance. Additionally, little is known about the functions of Keap1 and Cul3 in controlling T cell biology. Therefore, continued research into the effects of the dysregulation of this complex in T cells is highly warranted as many T cell-mediated autoimmune diseases are driven by underlying imbalances in antioxidant response pathways.
DYSREGULATION OF ANTIOXIDANT PATHWAYS IN T CELL-DRIVEN DISEASES
As previously mentioned, several prevalent human diseases are characterized by improper control of ROS in peripheral tissues, resulting in damaged tissue and pathology. The following sections describe some of the major T cell-mediated diseases that are characterized by improper ROS regulation.
Cancer
Although tumorigenesis is not solely T cell-mediated, T lymphocytes play a key role in anti-tumor immunity and surveillance. Because the high amounts of ROS secreted by cancerous cells are immunosuppressive, cellular antioxidant levels have been shown to be of critical importance in maintaining the anti-tumor function of T cells within oxidative tumor microenvironments. Research has shown that central memory T cells having higher cytosolic GSH, surface thiol, and intracellular antioxidant levels can persist for longer in a highly immunosuppressive microenvironment and better control tumor growth than effector memory T cells, which exhibit lower cytoplasmic antioxidant levels (56) . Additionally, studies have shown that treatment of ex vivo expanded tumor infiltrating lymphocytes (TILs) with antioxidants prevents these T cells from undergoing apoptosis following adoptive transfer into patients (57) . Treatment with antioxidants has also been shown to improve the persistence and anti-tumor cytotoxicity of TILs, ultimately leading to prolonged survival of patients receiving these TILs (57) . With immunotherapy at the forefront of current cancer treatment methods, the ability to improve the efficacy of adoptively transferred T cells simply through antioxidant treatment is an attractive therapeutic option for cancer patients.
Several studies have also linked the Nrf2-Keap1-Cul3 complex to the development of numerous human cancers. The ability of this complex to mediate tumorigenesis lies in the properties of many known Nrf2 target genes. Several metabolic enzymes including glucose-6-phosphate dehydrogenase, transaldolase 1, and malic enzyme 1 (among others) have been shown to be activated by Nrf2 (58) . These enzymes play a key role in mediating cellular glucose metabolism as well as the synthesis of metabolites such as NADPH and nucleotides (59) . As such, Nrf2 has been implicated as a key regulator of metabolic reprogramming that is required for cells to undergo rapid proliferation. Nrf2 has also been shown to increase the expression of many cytoprotective factors. This includes the upregulation of drug resistance genes like the multidrug resistance protein family, which encode several drug efflux pumps responsible for removing toxins from the cell (60).
Consistent with its ability to support cell proliferation and survival, Nrf2 dysregulation has been reported in several human cancers. Mutations in both Keap1 and Nrf2 that prevent binding of Keap1 to Nrf2 have been reported in lung, ovarian, and hepatic tumors (61) (62) (63) . These mutations are believed to be advantageous to cancerous cells by supporting their rapid proliferation and conferring resistance to traditional chemotherapeutic drugs. However, the dysregulation of the Nrf2-Keap1-Cul3 antioxidant system has never been studied in peripheral T cell lymphoma (PTCL), despite the high chemotherapeutic resistance of relapsed cases of PTCL (64) . Additionally, how the dysregulation of this complex within TILs affects their ability to produce cytokines and mediate killing of cancerous cells remains poorly understood. Therefore, more research is needed to determine whether this complex could be targeted as a potential therapeutic mechanism in T cell lymphomas.
Acute kidney injury (AKI)
AKI is defined by a rapid decline in kidney function that can lead to outcomes ranging in severity from minute tissue injury to complete renal failure (65) . AKI is often characterized by an increase in oxidative stress within the renal microenvironment as well as dysfunction of the renal epithelium and the infiltration of immune cells into the damaged organ (55) . Research has shown that T cells play a role in mediating the progression of AKI severity, but the mechanisms by which these infiltrating T cells do so is not fully understood (66) .
A recent study has shown that T cell specific deletion of Keap1 and subsequent upregulation of Nrf2 leads to decreased inflammatory cytokine production by CD4 T cells present in renal tissue during experimentally-induced AKI (55) . Additionally, deletion of Keap1 led to an increase in T regulatory cells present in the damaged kidney (55) . Therefore, disruption of the Nrf2-Keap1-Cul3 complex in CD4 T cells may skew the T cell response to a more antiinflammatory and immunosuppressive phenotype, preventing the development of severe AKI. However, more work is necessary to elucidate how this complex mediates normal T cell function in order to properly target these molecules in disease treatment.
MS
MS is a neurodegenerative disorder characterized by the influx of inflammatory CD4 T cells and macrophages into the central nervous system (CNS). Here, autoreactive CD4 T cells recognize myelin-like peptides presented by antigen presenting cells in the periphery (67) . These T cells then differentiate into memory cells that can migrate into the CNS and react against myelin-coated neurons, resulting in progressive demyelination of the brain and spinal cord. This loss of myelin leads to the development of symptoms which include loss of coordination, muscle weakness, and even permanent neurological damage. As such, there is a great need for the development of effective treatments for MS. Because the T cells that mediate this disease secrete high levels of Th1 and Th17 cytokines, treatment with prooxidants may reduce the severity of MS symptoms, as the administration of such compounds has been previously shown to prevent the production of these inflammatory cytokines (23, 25) . More research into this possibility is warranted, as there is currently no cure for MS.
Additionally, recent research investigating the modulation of the Nrf2-mediated antioxidant pathway in T cells shows promise as a new treatment method for MS. Research has shown that Nrf2 activation prevents CD4 T cell infiltration into the CNS, thereby ameliorating autoimmune inflammation in these sites (67, 68) . Several studies have also revealed that various plant-based compounds like triterpenoids, 3H-1,2-dithiole-3-thione (D3T), and cannabidiol function as potent activators of Nrf2 in T cells, resulting in a host of downstream anti-inflammatory effects. For example, treatment with these compounds has been shown to decrease inflammatory cytokine production by pathogenic Th1 and Th17 cells in both the CNS and the periphery (68) (69) (70) . D3T has also been shown to be capable of suppressing both Th1 and Th17 differentiation, while triterpenoids have been implicated in preventing the differentiation of pathogenic memory T cell subtypes (68, 70) . Deficiency of Nrf2 has also been implicated in the development of MS-associated pathologies such as optic neuritis, a condition in which the optic nerve becomes inflamed (71) . As reported in a study examining the role of ROS in optic neuritis development, the systemic loss of Nrf2 resulted in increased Th1 polarization and subsequent inflammatory T cell infiltration into the optic nerve, leading to increased damage and vision loss (71) . Therefore, targeting the Nrf2-Keap1-Cul3 complex through treatment with natural compounds may lead to a therapeutic breakthrough for MS patients.
Dimethyl fumarate (DMF) has recently been approved by the Food and Drug Administration for the treatment of MS. Research has shown that treatment with this compound results in the decreased expression of integrins on memory CD4 T cells, preventing the trafficking of myelinspecific memory cells into the CNS of MS patients (72) . The same study also showed that DMF prevents the differentiation of naïve CD4 T cells into effector Th1 cells in vitro (72) . Although the previously cited research involving D3T had similar effects on CD4 T cell differentiation, whether DMF exerts its functions on T cells by increasing Nrf2 expression in the pathogenic subsets that mediate MS remains to be tested. Despite the current gaps in knowledge, further research into the role of antioxidation in T cells may not only lead to improved patient outcomes but may also inform the development of novel therapeutics for MS.
CONCLUSION
Although previously thought to exert mainly damaging effects on cells, recent studies have shown that ROS are important for regulating the development and effector functions of various T lymphocyte subsets. The majority of this ROS is generated by the electron transport chain within the mitochondria, but new data has indicated that various steps in the TCA cycle can also contribute to the production of these oxidative species. These ROS mediate several aspects of T cell-mediated immunity downstream of TCR signaling including proliferation, differentiation, the development of effector functions, and survival. The role of ROS in each of these processes is depicted in Fig. 1 Following activation, signaling through the TCR stimulates the mitochondria to produce ROS, which in turn promote continued TCR signaling. The level of activation-induced ROS within the cell also critically affects the downstream functions of T cell proliferation, differentiation, and survival. Therefore, the modulation of ROS levels by cellular antioxidant pathways (e.g., GSH; Nrf2-Keap1-Cul3 trimeric complex) is crucial in maintaining proper T cell-mediated immunity. GSH regulates ROS levels by directly reducing free radicals encountered in the cytoplasm. In contrast, the Nrf2-Keap1-Cul3 trimeric complex disassociates upon sensing high levels of cellular ROS, allowing Nrf2 to enter the nucleus and activate the ARE-containing genes. (B) If cellular antioxidant pathways are dysregulated or mutated, cellular ROS levels will not be properly controlled. Therefore, high levels of ROS after T cell activation can lead to the development of several T cell-mediated autoimmune diseases and cancer. APC, antigen presenting cell; MHC, major histocompatibility complex.
Although moderate levels of ROS are necessary for the proper regulation of multiple facets of T cell biology, high levels of ROS can be damaging to T cells. Therefore, the tight control of ROS by cellular antioxidant mechanisms is critical for the maintenance of effective T cell-mediated immunity (Fig. 1A) . In mammalian cells, intracellular levels of ROS have been shown to be regulated largely through the Nrf2-Keap1-Cul3 trimeric complex. Although the effects of the disruption of this complex on T cells has not been well studied, dysregulated versions of this pathway have been implicated in tumorigenesis and T cell-driven autoimmune diseases like AKI and MS (Fig. 1B) . Therefore, understanding how defects in this pathway affect healthy T cells may lead to novel treatments for autoimmunity and cancer, increasing the quality of life for patients suffering from diseases having otherwise grim prognoses.
